dÂ bstract (Ti,Si,Al)N nanocomposite coatings with different Ti, Si, Al contents, were deposited onto silicon and polished high-speed steel substrates, by r.f. andyor d.c. reactive magnetron sputtering. The stoichiometry of the films was investigated by electron probe microanalysis and Rutherford backscattering spectrometry (RBS). The density was derived by combination of RBS results and thickness measurements obtained by ball-cratering. For comparison purposes, the evaluation of the Young's modulus was performed by depth-sensing indentation technique and with the laser-acoustic technique based on surface acoustic waves (SAW). Results showed in some cases differences in Young's modulus measured by both techniques. The Young's modulus obtained by SAW correlates with the density values from RBS, however, this behavior is not visible for the results measured with the ultramicroindentation technique. Both techniques indicate a small increase of Young's modulus of (Ti,Al)N by incorporating Si into the matrix. However, this improvement only occurs for small Si content, whereas for high Si content the elastic parameter reduces until almost 300 GPa. The morphology of the coatings was investigated by scanning electron microscopy and correlated with the differences observed by both SAW and indentation techniques. ᮊ
Effects of the morphology and structure on the elastic behavior of (Ti,Si,Al) 
Introduction
Surface hardening technologies are used to improve the fatigue and wear behavior of cutting tools. The hardening depth and the surface hardness are important parameters. However, the complexity of the mechanical behavior of coated materials requires understanding the relationship between microstructure, morphology and mechanical properties, since it is essential for improving the reliability and lifetime of coatings. An interesting parameter is the Young's modulus of the film. It is the main elastic constant of the material and can be measured non-destructively. High Young's modulus of the film usually goes with large stress in the coated material, which may give rise to microcracking and crack propagation. In the case of hard coatings, Young's modulus often correlates with hardness w1x. The Young's modulus is also influenced by several microstructural parameters, *Corresponding author. Tel.: q351-253510470; fax: q351-253510461.
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such as the defects, density, w2x, porosity w3x, bonding condition within the material w4x and stoichiometry w5x. Therefore, the aim of this paper is to discuss and interpret Young's modulus results of (Ti,Si,Al)N coatings as a function of microstructure and morphology, such as lattice parameters, texture, density and porosity. X-ray diffraction (XRD), scanning electron microscopy (SEM), Rutherford backscattering spectrometry (RBS) and electron probe microanalysis (EPMA) were used to study phase composition, morphology, chemical composition and density of the coated materials. In this paper Young's modulus will be determined by depth sensing microindentation and laser-acoustic (surface acoustic waves, SAW) techniques. Particular attention will be deserved to the effects of the morphology and structure on the differences observed by both techniques.
Experimental details

Film preparation
The four groups of coatings of (Ti,Si,Al)N examined in this work were deposited by reactive magnetron All the samples were produced with a 0.2-0.3 mm thick TiAl adhesion layer, with a 200 8C as substrate temperature. Tables 2 and 3 ). Some of these samples were produced with the Ti target coupled to a d.c. power supply ( Table 3 ). The fourth group of samples ( Table 3) was produced in static mode with pieces of Si and Al incrusted into the Ti target, which was coupled to the r.f. power supply. Further detailed information regarding the depositions process can be found elsewhere w6,24,39x.
Characterization techniques
The atomic composition of the as deposited samples was investigated by RBS and EPMA. RBS was performed using a 2 MeV He beam and a 1.5 MeV Hbeam in order to obtain the areal atomic density (atomsy cm ), of the films. An average number of five ball-2 cratering (BC) experiments were performed in each sample in order to determine its thickness. The coatings were structurally characterized by XRD experiments undertaken in a Philips PW 1710 apparatus using a Cu Ka radiation. The cross-sectional morphology was examined using a conventional SEM on fractured samples. A computer-controlled Fischercope H100 ultramicrohardness tester, equipped with a Vickers diamond indenter was used in order to obtain the Young's modulus of coatings w8,9x. The Young's modulus was Table 2 . also measured by the laser-acoustic method, based on dispersion on SAW w10,11x.
Results and discussion
Chemical analysis and density
Tables 1-3 present the atomic composition (RBS and EPMA), the thickness (BC and SEM) and the density of the as-deposited samples. The density of the coatings was estimated from the ratio between the areal atomic density, extracted from RBS measurements, and the thickness. For high bandwidth of the measurement (40 MHz-f-160 MHz), the SAW test technique enables also to determine the density of the film in addition to Young's modulus. A good correlation between both techniques (RBS and SAW) was found.
Young's modulus vs. Si content
The results for the (Ti,Si,Al)N films deposited by a combination of d.c. and r.f. reactive magnetron sputtering with the same bias voltage (50 V), temperature (400 8C) but with different (TiqAl)ySi target power and current combinations are present on Table 2 . The films were deposited with Si contents in the range 0-17 at.%. The influence of Si content on the Young's modulus obtained by ultramicroindentation and SAW is shown in Fig. 1 . Both techniques indicate Young's modulus of (Ti,Al)N increasing with Si in the range of low amount of Si content, whereas for higher Si content a decreasing modulus is observed. As known from classical metallurgy, hindering the dislocation movement by lattice distortions increases the hardness of a material. In fact, the incorporation of a smaller silicon atom (Fig. 3a) into the lattice of TiAlN w12,13x (solid-solution hardening) leads to a local tensile stress (lattice distortion), which contributes to the higher hardness w14-16x. These results suggest that for high Young's modulus the materials need higher external loading to move the dislocations that may be so high that micro-defects already develop on lower levels of load at micro-structurally preferred positions, causing the material to fail in a brittle manner, before the yield stress is reached. For higher Si contents the probable segregation of the Si atoms leads to the formation of an amorphous matrix of Si N w17-19x.
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The Young's modulus becomes quite similar to that of Si N (;300 GPa) w20x, being consistent with the 3 4 increase of the referred amorphous matrix. This behavior could be also related with amorphous structure w21-23x. However, this discussion will be analyzed in a future work.
Correlation between the indentation and the laseracoustic results
Concerning the samples presented on Table 2 , the Young's modulus obtained by both techniques showed a good agreement. However, this is not true for all samples. In order to understand these differences, one will discuss the effect of several factors in the results: silicon content, structure, texture, density and morphology.
Silicon content effect
The relative percentile difference, (DEs(E y SAW E )yE )=100), between the Young's modulus eval-IND IND uated by both techniques as function of Si content in the samples can be seen in Fig. 2 . For a better comparative evaluation, the data in this figure are divided in three groups: group I for a DE-15%, group II for a 15%-DE-30% and group III for DE)30%. As it is obvious from the analysis of this figure it does not seem there being any particular influence of the Si content on the discrepancy between the E values determined by both techniques. For a particular value of at.% Si (e.g. f6 at.%) the percentile difference can be very low (7%) or very high (almost 45%).
Structure effect
For sputtered hard coatings, the diffraction peaks are often quite broad due to either small grain sizes or high concentration of defects w24,25x. As it was already discussed in previous works w6,26,27x, the diffraction peaks detected by XRD revealed the development of a multiphase system, depending on the deposition conditions: see Fig. 3c) ; Moreover, the analysis of Fig. 3d (TSA86) allows to conclude that the film with 12 at.% of Si content does not present signs of crystallization. Similar behavior was also found for W-Si-N coatings w23x. This result suggests that Si can induce amorphism; however, the threshold limit for this occurrence should be investigated in more detail.
The XRD results show that the structure is not a preponderant factor for good or bad agreement between the results obtained by the indentation and the laseracoustic techniques. In fact, all the samples shown in Fig. 3 (TSA83, TSA84, TSA86 and TSA18) have different structure and belong to the same group (DE-15%). Similar behavior is also visible for samples of group III (e.g. Fig. 4b and c) . Fig. 4 shows the XRD patterns for samples that belong to group III. Regarding the samples XTSA2 (Fig.  4a) and TSA64 (Fig. 4c) , both indicate the so-called solid solution (Ti-Si-Al-N). The XTSA2 sample displays a strong preferred (1 1 1) orientation parallel to the substrate surface. According to the XRD measurements for TSA64 sample, randomly oriented crystallites are deposited, since all (1 1 1), (2 0 0) and (2 2 0) patterns are visible. Thus, XTSA2 is highly textured inversely to the TSA64 for which no significant preferential orientation is detected, and both samples belong to the group III (where the Young's modulus results obtained by both techniques are very different).
Texture effect
One can say that structure and texture are not responsible for the different values of Young's moduli measured with SAW and indentation.
Morphology effect
The morphology of the coatings is disclosed by crosssectional SEM micrographs of fractured samples in Figs. 5-7. Considering the results for samples representing the group I (Fig. 5) , all films show dense and very compact featureless morphologies. With increasing silicon content the films become more and more compact (Fig. 5d-TSA86 ) resulting for high Si content in a glass-like morphology. Similar dependence of the morphology is also found for the nc-TiNya-Si N w28x. The 3 4 microstructure of single-phase films is qualitatively well described by structural zone models developed by Movchan and Demchishin w29x and Thornton w30x. These models, however, strongly change when impurities or selected additives are incorporated in the films w31,32x. Impurities or additives stop the grain growth and stimulate a renucleation of grains, which results in a globular morphology. XTSA11 (Fig. 6a) and TSA62 (Fig. 6b) samples present this type of morphology. The main feature of this structure is the presence of small grains since grain growth by coalescence is strongly restricted due to limited grain boundary mobility w33x.
The coating representatives of group III (Fig. 7) have a columnar morphology, typical for coatings grown under low energetic ion bombardment and limited adatom mobility conditions. In fact these samples were prepared under such conditions as discussed in previous works w6,34x. The coatings are also very porous with a large number of voids within shaped crystallites. The voided growth defects that define the zone 1 of the Thornton's model are a consequence of atomic shadowing w30x. The discrepancies observed between the results obtained by both techniques can be related with microdefects density. Thus, it is possible to assume that the reduction in Young's modulus obtained by SAW is caused by pores, voids, defects and long-stretched-out zones with insufficient mutual bonding of adjacent material. Several papers about Young's modulus depending on porosity have already been published w35-39x. Basically, the effective Young's modulus depends on the elastic modulus of the bulk material, on the porosity and on the constants representing the effects of stress concentrations, which are determined by macroscopic structure of the materials investigated and their relaxation capacity. Kreher and Pompe w35x still admits another parameter depending on the pore shape that can be numerically calculated from the perturbation analysis of the elastic behavior of the solid for dilute dispersion of the pores w40x. A great number of studies about the influence of porosity on the Young's modulus are critically reviewed in Ref. w41x, where mostly evaluation of sound velocity measurements were employed in order to obtain the elastic property. As an example, the data given for stoichiometric TiN varies from 79 GPa w42,43x for a sample with porosity of 44% to 612 GPa for a bulk sample w44x and 640 GPa for a film sample w45x. It can be concluded that the lower elastic moduli measured by SAW is the result of enhanced porosity in these films. The correlation between the results obtained by SAW and density is well understood, revealing an increase in Young's modulus with density.
The ultramicroindentation technique should not be so sensitive to the porosity. An exact indentation test needs a smooth and defect-free area. This suggests this technique to test more the matrix material instead the effective elastic material behavior. The indentation tester deforms the material much more than the SAW do. This can change the pore shape and compress the material beneath the indenter. The indentation test does not account for the inelastic deformation due to the propagation of cracks and pores to evaluate the elastic modulus values w46x. In this way, the effective elastic behavior approaches that of the bulk material. Both effects would explain that the indentation tester did not measure the effective elastic modulus of the films. However, for dense hard coatings, laser-acoustics and indention tester were shown to provide results with very good agreement w47x.
Conclusions
In this paper, thin films within the Ti-Si-Al-N ternary system were successfully deposited by PVD. Young's modulus was determined by depth sensing microindentation and laser-acoustic (SAW) techniques. Both techniques indicate that Young's modulus of (Ti,Al)N increase with Si content in the range of low amount of Si (-9 at.%) which can be due to a solution hardening. It seems that a high amount of Si content Fig. 7 . Cross-sectional SEM micrograph of (Ti,Si,Al)N (group III) coatings displaying a columnar and a very porous structure.
induces the formation of amorphous phases and consequent a reduction on Young's modulus, also visible by both techniques. Coatings having a columnar structure and high porosity with a large number of voids within crystallites, show a large difference ()20%) in elastic modulus obtained by the two techniques, being the laseracoustic values smaller. These low elastic moduli may be attributed to the effect of the defect structure in these coatings as shown in the micrographs obtained by SEM. When the films show dense and very compact morphologies (also visible on the cross-section SEM images) the results achieved by both techniques are very similar. Therefore the results support the former conclusions that the differences observed on the Young's modulus by both techniques are not related with the structure, neither with the texture but with the pore volume within the material. The results presented here suggest the possibility to make use of the differences between the results of both techniques for evaluating the defective structure of films that is of essential importance for the mechanical behavior.
